Neutrophilic inflammation might have a pathophysiological role in both carotid plaque rupture and ischemic stroke injury. Here, we investigated the potential benefits of the CXC chemokine-binding protein Evasin-3, which potently inhibits chemokine bioactivity and related neutrophilic inflammation in two mouse models of carotid atherosclerosis and ischemic stroke, respectively. In the first model, the chronic treatment with Evasin-3 as compared with Vehicle (phosphate-buffered saline (PBS)) was investigated in apolipoprotein E-deficient mice implanted of a 'cast' carotid device. In the second model, acute Evasin-3 treatment (5 minutes after cerebral ischemia onset) was assessed in mice subjected to transient left middle cerebral artery occlusion. Although CXCL1 and CXCL2 were upregulated in both atherosclerotic plaques and infarcted brain, only CXCL1 was detectable in serum. In carotid atherosclerosis, treatment with Evasin-3 was associated with reduction in intraplaque neutrophil and matrix metalloproteinase-9 content and weak increase in collagen as compared with Vehicle. In ischemic stroke, treatment with Evasin-3 was associated with reduction in ischemic brain neutrophil infiltration and protective oxidants. No other effects in clinical and histological outcomes were observed. We concluded that Evasin-3 treatment was associated with reduction in neutrophilic inflammation in both mouse models. However, Evasin-3 administration after cerebral ischemia onset failed to improve poststroke outcomes.
INTRODUCTION
Recent epidemiologic projections have indicated that cerebrovascular diseases will be the second cause of death (after ischemic heart diseases) in the world population in 2030. 1 Since ischemic stroke is a relevant entity of cerebrovascular diseases that can provoke not only death, but also dramatic disabilities, 2, 3 preventive strategies represent a hot-topic issue for both research and public health. Despite its highly frequent cardioembolic origin, 4 ischemic stroke has been associated with the rupture of a vulnerable carotid plaque. 5 Thus, an effective stroke prevention strategy has to increase atherosclerotic plaque stabilization. However, immediately after the cerebral ischemia onset, a pathophysiological cascade triggers the oxidative microvascular damage, blood-brain barrier (BBB) dysfunction, and postischemic inflammation, mediating the cerebral ischemic injury. 6 Thus, a promising stroke treatment cannot leave out of cerebral tissue preservation from the ischemic insult. Since common inflammatory pathways have been recently indicated as promising pathophysiological targets for both prevention and treatment in ischemic stroke, 7 we focused on the pharmacological inhibition of CXC chemokines (mainly CXCL1 and CXCL2, which have been shown as the major leukocyte chemoattractants and activators). 8 In particular, we used the selective CXC chemokinebinding protein Evasin-3 (which has been recently shown to potently inhibit neutrophil-mediated cardiac injury after an acute myocardial infarction) 9 to abrogate CXC chemokine bioactivity in both prevention and treatment of ischemic stroke. Two validated mouse models (shear stress-induced carotid atherogenesis developing both vulnerable and stable plaques and transient focal cerebral ischemia) 10, 11 were used to assess the potential benefits of Evasin-3 on neutrophil-mediated atherosclerotic plaque vulnerability and poststroke cerebral injury, respectively.
MATERIALS AND METHODS Prevention Strategy: Treatment with Evasin-3 in a Mouse Model of Shear Stress-Induced Atherogenesis and Plaque Vulnerability
Apolipoprotein E-deficient (ApoE À / À ) mice in a C57BL/6J background were obtained from The Charles River Laboratories (Lyon, France). Animals at 15 to 20 weeks of age were randomly assigned to receive either Vehicle 1 (n ¼ 11) or the selective CXC chemokine-binding protein Evasin-3 (n ¼ 13) treatment. During the experimental period, all animals were fed a westerntype diet consisting of 15% (wt/wt) cocoa butter and 0.25% (wt/wt) cholesterol (Diet W; abDiets). After a 2-week period of western diet, shear stress in the right common carotid artery was altered by cast placement, as previously described. 11 Blood flow vortices (oscillatory shear stress (OSS) region) are produced by the cast stricture in the downstream common carotid artery. In addition, the constrictive stenosis decreases the blood flow, resulting in a low shear stress (LSS) region upstream from the cast. For the surgical procedure of cast implantation, the animals were anesthetized by isoflurane inhalation, and the anterior cervical triangles were accessed by a sagittal anterior neck incision. Nine weeks after surgery, the animals were euthanized to collect tissue and serum samples. During the last 3 weeks before euthanizing (from week 6 to 9 of cast implantation), mice were intraperitoneally injected with Evasin-3 (1 mg/day for 5 consecutive days per week, provided by Merck Serono, Geneva, Switzerland) or equivalent volume of control Vehicle (PBS, 200 mL/mouse) ( Figure 1A ). The dose of Evasin-3 administered was based on previous studies, showing marked efficacy to reduce in vivo neutrophil infiltration within inflamed tissues. 8, 9 In selective experiments, to assess both intraplaque and systemic levels of CXCL1 and CXCL2, wild-type and ApoE À / À mice (n ¼ 5 to 7/group) were fed under normal diet for 28 weeks and followed without any surgical procedures till kill. No animal death was reported during the study protocols. These mouse protocols were approved by local ethics committee ('Commision pour l'Experimentation Animale' of Canton Vaud) and Swiss authorities and conformed to the 'position of the American Heart Association on Research Animal Use' and to ARRIVE guidelines.
Stroke Therapeutic Approach: Treatment with Evasin-3 in a Mouse Model of Acute Focal Brain Ischemia/Reperfusion Adult wild-type (aged 8 to 12 weeks) C57BL/6J mice were temporarily anesthetized with 4% isoflurane and placed on a warm heating pad to maintain body temperature at 37 ± 0.31C. Anesthesia was maintained by nose cone with 1.5% isoflurane in 80% medical air/20% O 2 . After a midline skin incision, the left external carotid artery was exposed and its branches were electrocoagulated. A blunted monofilament nylon suture (Dafilon 6.0, Braun Medical AG, Sempach-Station, Switzerland) was introduced into the left internal carotid artery through the external carotid artery stump to occlude the middle cerebral artery. Interruption of regional cerebral blood flow in the middle cerebral artery territory was confirmed by documenting a 480% decrease in relative regional cerebral blood flow using laser Doppler flowmetry (Perimed AB, Stockholm, Sweden). Five minutes after ischemia onset, either Evasin-3 (at doses ranging from 1 to 10 mg/mouse) or equivalent volume of control Vehicle (PBS, 200 mL/mouse) was administered intraperitoneally to neutralize the bioactivity of CXC chemokine in vivo. The dose of Evasin-3 administered was based on previous studies, showing marked efficacy to reduce in vivo neutrophil infiltration within inflamed tissues. 8, 9 After 45 minutes of transient middle cerebral artery occlusion, blood flow was restored by the withdrawal of the nylon suture ( Figure 1B) . A return to 450% of baseline regional cerebral blood flow within 5 minutes of suture withdrawal confirmed a reperfusion of the middle cerebral artery territory. Three animals (on total 117 animals used in the study) not meeting both ischemic and reperfusion flow criteria were excluded from the study. Only two animals (both treated with Evasin-3) died during the 24 hours of reperfusion. At different time points of reperfusion (up to 24 hours), animals were killed for infarct size determination or immunohistochemical analysis. This protocol was approved by local ethics committee ('Commision d'Ethique de l'Experimentation Animale' of the University of Geneva) and Swiss authorities and conformed to the 'position of the American Heart Association on Research Animal Use' and to ARRIVE guidelines.
Determination of Neurologic Deficits
Evaluation of neurologic deficits has been performed by a blinded observer 24 hours after surgical procedures. 12, 13 Animals were scored neurologically, according to a 6-point scale: 0 ¼ no apparent neurologic deficit, 1 ¼ contra lateral forelimb flexion, 2 ¼ decreased grip of the contra lateral forelimb, 3 ¼ spontaneous movement in all directions, but contra lateral circling if pulled by tail, 4 ¼ spontaneous contra lateral circling, and 5 ¼ death. [14] [15] [16] Infarct Volume and Brain Edema Measurements Brains were cut in 20 mm coronal sections from the anterior to the posterior side. Every 150 mm, the brain sections were stained with a solution of 0.5% cresyl violet. Infarct size was obtained by summing infarct measurements on digital images of each section, acquired with an Epson perfection V750 scanner (Wädenswil, Switzerland), using ImageJ after compensation for edema as previously described. 10 Brain edema was assessed on digital images by measuring the hemispheric enlargements as described previously. 17 Infarct and hemispheric areas were manually drawn on digital images by a blinded operator using Adobe Photoshop.
Evans Blue Extravasation within the Ischemic Hemisphere
The BBB disruption was assessed after injection into the femoral vein of 4 mL/kg of Evans blue, prepared at a concentration of 2% in saline, immediately after reperfusion. The animals were euthanized 24 hours later. Quantitative analysis was performed with the Odyssey infrared imaging system (LI-COR Biotechnology, Bad Homburg, Germany) by measuring the total infrared emission of Evans blue on serial 30 mm coronal brain sections spanning the entire hemispheres.
Detection of Inflammatory Mediators in Mouse Serum
In mouse serum, levels of CXCL1, CXCL2, and pro-matrix metalloproteinase (pro-MMP)-9 were measured by colorimetric enzyme-linked immunosorbent assay (ELISA, R&D Systems, Minneapolis, MN, USA), following manufacturer's instructions. The limits of detection for ELISA were 15.625 pg/mL for CXCL1, 15.625 pg/mL for CXCL2, and 31.250 pg/mL for pro-MMP-9. Mean intraassay and interassay coefficients of variation were o8% for all markers. Serum triglycerides, total cholesterol, low-density lipoprotein cholesterol, and high-density lipoprotein cholesterol were routinely measured and expressed in mmol/L.
Immunohistochemistry in Atherosclerotic Plaques and Infarcted Brain
Mouse carotid artery was macroscopically cut in three portions: region upstream of the cast device (LSS) and downstream of the cast (OSS) and frozen in Optimum Cutting Temperature (OCT). However, LSS and OSS portions and aortic sinus from all mice were serially cut in 5 mm transversal sections, as described previously. 18 Cerebral coronal sections through the infarct area were cut at 20 mm. Sections from mouse specimens were fixed Sections and aortas were counterstained with Mayer's hemalun and rinsed in distilled water. Quantifications were performed using the MetaMorph software. Data were calculated as ratios of stained area on total lesion area.
Sirius Red Staining for Collagen Intraplaque Content
Eleven sections per mouse carotid LSS and OSS and five sections per mouse aortic sinus were rinsed with water and incubated with 0.1% Sirius red (Sigma Chemical Co, St Louis, MO, USA) in saturated picric acid for 90 minutes. Sections were rinsed twice with 0.01 N HCl for 1 minute and then immersed in water. After dehydration with ethanol for 30 seconds and coverslipping, the sections were photographed with identical exposure settings under ordinary polychromatic or polarized light microscopy. Total collagen content was evaluated under polychromatic light. Interstitial collagen subtypes were evaluated using polarized light illumination; under this condition thicker type I collagen fibers appeared orange or red, whereas thinner type III collagen fibers were yellow or green. 19 Quantifications were performed with MetaMorph software. Data were calculated as percentages of stained area on total lesion area.
Oxidative Stress Determination
The production of reactive oxygen species (ROS) within the infarcted brain hemispheres was assessed by immunostaining. Consecutive sections from the same brains were immunostained on their highly toxic product of lipid membrane peroxidation 4-hydroxy-2-nonenal (mouse anti-4-HNE monoclonal antibody at 1 mg/mL; Oxis International Inc, Foster City, CA, USA) 20 and for the neuroprotective 3,5-dibromotyrosine (mouse anti-Di bromo tyrosine monoclonal antibody at 10 mg/mL; AMS Biotechnology, Ltd, Abingdon, UK). 21 Both stainings were performed as previously described in mouse hearts. 20 To avoid any potential cross-reactivity with mouse heart antigens and to increase the specificity of the primary antibodies, the VECTOR M.O.M Immunodetection kit and the VECTOR VIP substrate kit for peroxidase (Vector Laboratories, Inc., Burlingame, CA, USA) were used, following manufacturer's instructions. Quantification was performed with MetaMorph software. Results were expressed as percentages of stained area on total ischemic hemisphere surface area.
Real-Time RT-PCR
Total mRNA was isolated with Tri-reagent (Molecular Research Center (MRC), Cincinnati, OH, USA) from each mouse cerebral hemisphere. Reverse transcription was performed using the ImProm-II Reverse Transcription System (Promega, Madison, WI, USA) according to manufacturer's instructions. Real-time PCR (StepOne Plus, Applied Biosystems, Zweigniederlassung Zug, Switzerland) was performed with the ABsolute QPCR Mix (ABgene, ABgene Thermo Fisher Scientific, Waltham, MA, USA).
Specific primers and probes (Supplementary Table 1 ) were used to determine the mRNA expression of neutrophil chemoattractants (Cxcl1 and Cxcl2), their selective receptors (Cxcr1 and Cxcr2), tumor necrosis factor (Tnf), interleukin-6 (Il6), neutrophil mediators (neutrophil elastase (Elane), matrix metalloproteinase (Mmp)-9, myeloperoxidase (Mpo)) and Hprt (housekeeping gene). 18, 22 The fold change of mRNA levels was calculated by the comparative C t method. The measured C t values were first normalized to the Hprt internal control, by calculating a delta C t (DC t ). This was achieved by subtracting the GADPH C t values from the gene of interest C t value. A delta delta Ct (DDC t ) was calculated by subtracting the designated control DC t (right cerebral hemisphere) value from the study group DC t values. The DDC t was then plotted as a relative fold change with the following formula: 2
Matrix Metalloproteinase-9 Extraction from the Ischemic Brain and Zymography Brains were homogenized in five volumes (w/v) of 50 mmol/L Tris-saline buffer containing 5 mmol/L CaCl 2 . Protein concentrations were measured in the homogenates with a BCA protein assay kit (Thermo Fisher Scientific, Rockford, IL, USA) according to manufacturer's instructions. Homogenates were then centrifuged and part of the supernatants was incubated for 60 minutes with gelatin-sepharose 4B (GE Healthcare Bio-Sciences AB, Uppsala, Sweden) and centrifuged again. Gelatinases were eluted from the pellets with 10% dimethyl sulfoxide and MMP activity was detected by gelatin zymography as previously described. 17 Human pro-MMP-9 (Millipore, Billerica, MA, USA, no. CC079) was loaded onto each gel as a standard. The MMP-9 concentration was assessed on inverted digital images by measuring the optical density of the bands with ImageJ. Data were expressed in arbitrary units.
Statistical Analysis
The Mann-Whitney nonparametric test (the normality assumption of the variables' distribution in both groups was violated) was used for comparisons of continuous variables and results were expressed as medians (interquartile range). Spearman's rank correlation coefficients were used to assess correlations. Values of Po0.05 (two-tailed) were considered as significant. All analyses were performed with GraphPad Instat software version 3.05 (GraphPad Software, San Diego, CA, USA).
RESULTS

Circulating and Tissue Levels of CXCL1 are upRegulated in Mouse Models of Carotid Atherosclerosis and Ischemic Stroke
The levels of CXC chemokines were investigated in the systemic circulation, atherosclerotic plaques, and ischemic brain in the mouse models of carotid atherosclerosis (ApoE À / À mice) and ischemic stroke (wild-type mice). As predicted, wild-type mice did not develop atherosclerotic plaques (vessels negative for lipid and inflammatory cell stainings) in aortic roots (Figure 2A ). Accordingly, CXCL1, CXCL2 as well as neutrophils were not detected in normal aortic roots from wild-type mice (Figure 2A ). CXCL1 and CXCL2 proteins were well expressed within aortic root plaques from ApoE À / À mice ( Figure 2B ). CXCL1 serum levels were significantly increased in ApoE À / À mice (atherosclerotic model) as compared with age-matched wild-type mice ( Figure 2C ). CXCL1 and CXCL2 mRNA levels were markedly upregulated in the ischemic brain portion (left hemisphere) of mice subjected to 45 minutes of cerebral ischemia and 8 hours of reperfusion as compared with sham-operated animals ( Figures 3A and 3B ). At 24 hours of reperfusion, a nonsignificant (P ¼ 0.100) increase in CXCL1 serum levels was shown in cerebral ischemic mice as compared with sham-operated controls ( Figure 3C ). However, CXCL2 serum levels were found undetectable (below the lower range of detection: 15.625 pg/mL) in atherosclerotic and stroke models as well as in control wild-type mice (data not shown). In agreement with previously published data, 7, 23 these results indicate that CXCL1 protein is upregulated at both systemic and tissue levels during atherogenesis. However, mRNA levels of both CXC chemokines (CXCL1 and CXCL2) are increased by ischemic injury in mouse brain.
Treatment with Evasin-3 Reduces Histologic Parameters of Plaque Vulnerability in a Mouse Model of Shear Stress-Induced Carotid Atherosclerosis The selective inhibition of CXC chemokine bioactivities in stroke prevention was first assessed in a mouse model of carotid atherogenesis, characterized by both vulnerable and stable plaques.
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The bioactivity of each Evasin-3 batch was verified before use by verifying Evasin-3-mediated inhibition of CXCL1 and CXCL2 bioactivity in vitro using mouse neutrophil microchemotaxis assay (data not shown). Six weeks after the cast placement, ApoE À / À mice were treated for 3 weeks with Evasin-3 or Vehicle and then euthanized for the histologic analysis of plaque vulnerability in the aortic roots and in the LSS and OSS regions of carotid arteries. At kill, no significant differences were found between Evasin-3-and Vehicle-treated mice in terms of body weight and lipid profile (Supplementary Table 2 and serum levels of CXC chemokines associated with Evasin-3 treatment, we measured these molecules in mouse samples at kill. No significant differences were found between Evasin-3-and Vehicle-treated mice regarding CXCL1 (both serum and intraplaque protein) and CXCL2 (intraplaque protein) expression (Supplementary Table 3 ). Importantly, CXCL2 serum levels in ApoE À / À mice were confirmed below the lower range of detection of the ELISA kit (o15.625 pg/mL), suggesting CXCL1 to have a more relevant role in atherosclerosis. Evasin-3 treatment did not induce any effect on lipid content in LSS carotid and aortic root plaques (Table 1 ; Supplementary Figures 1A and 1B) . A slight decrease in lipid content was associated with Evasin-3 treatment in OSS carotid plaques (Table 1; Supplementary Figure 1A) . No difference between treatment groups was observed on macrophage intraplaque content in both carotid and aortic sinus ( Table 1 ; Supplementary Figures 2A and 2B) . In carotid plaques (both LSS and OSS) and aortic sinus, Evasin-3 treatment abrogated neutrophil infiltration ( Supplementary Figures 5A and 5B ). Taking together, these results indicate that in vivo systemic CXC chemokine inhibition with the selective CXC chemokine-binding protein Evasin-3 was associated with a weak improvement of neutrophilic intraplaque inflammation potentially associated with mouse plaque vulnerability. 18 Treatment with Evasin-3 Does Not Affect CXC Chemokine Levels and Cerebral Injury in a Mouse Model of Cerebral Transient Focal Ischemia/Reperfusion Evasin-3 has been shown to mainly inhibit CXC chemokine bioactivity rather than tissue and serum levels. 8, 9 In the stroke model, the bioactivity of each Evasin-3 batch was verified in vitro using mouse neutrophil chemotaxis assay before use (data not shown). To further confirm the neutralizing properties of Evasin-3, we also investigated if Evasin-3 treatment (a single intraperitoneal dose (10 mg/mouse), administered 5 minutes after the initiation of 45-minute cerebral ischemia) was associated with modifications in CXC chemokine levels in the brain 24 hours after stroke. As shown in Supplementary Figures 6A to 6D , the mRNA levels of CXC chemokines (CXCL1 and CXCL2) and their receptors (CXCR1 and CXCR2) in the ischemic hemisphere were not significantly altered by Evasin-3 as compared with control Vehicle. The potential benefit of Evasin-3 treatment in poststroke cerebral injury (assessed by infarct size, brain edema, and BBB permeability measurements) was then investigated by treating mice with a single intraperitoneal dose of Evasin-3 (1 to 10 mg/mouse) or control Vehicle (PBS). Evasin-3 treatment did not significantly improve the clinical neurological outcomes (assessed by a validated neurologic score) at 12 hours as well as 24 hours after stroke (Supplementary Table 4 ). Red blood cell, white blood cell, and platelet counts were not altered by Evasin-3 treatment as compared with control Vehicle (Supplementary Table 4 ). Evasin-3 administration did not significantly reduce cerebral infarct size as compared with Vehicle ( Figure 4A ). Accordingly, Evasin-3 treatment did not affect poststroke brain edema ( Figure 4B ) and BBB permeability ( Figure 4C ) as compared with Vehicle, indicating that the single administration of Evasin-3 failed to improve early injury in poststroke treatment.
Single Administration of Evasin-3 Inhibits Poststroke Neutrophil Recruitment, But Not Neutrophil Activation within the Infarcted Brain Leukocyte infiltration in ischemic left brain hemisphere was assessed at 12 and 24 hours of reperfusion. High-dose (10 mg/ mouse) Evasin-3 treatment significantly reduced neutrophil (Ly-6B.2 þ cell) infiltration already after 12 hours of reperfusion as compared with Vehicle ( Figure 5A ). At 24 hours of reperfusion, brain ischemia was associated with a remarkable cerebral infiltration of neutrophils as compared with sham-operated group ( Figure 5B ). Evasin-3 treatment (at both low (1 mg/mouse) and high (10 mg/mouse) doses) abrogated neutrophil infiltration within the ischemic brain hemisphere ( Figure 5B ). No effect on macrophage (CD68 þ cell) recruitment was shown in the different treatment groups as compared with control Vehicle or sham-operated mice ( Figure 5C ), indicating that selective inhibition of CXC chemokine bioactivity mainly affect neutrophil recruitment within inflamed or infarcted peripheral tissues. 8, 9 The production of some neutrophilic products (such as MMP-9, MMP-8, Neutrophil elastase, and myeloperoxidase, previously shown to increase brain and cardiovascular injuries) 10, 18 within the infarcted brain hemispheres was also investigated. Evasin-3 treatment failed to significantly reduce pro-MMP-9 serum levels as compared with control Vehicle at 24 hours of reperfusion ( Figure 6A ). Accordingly, Evasin-3 administration had no effect in tissue MMP-9 mRNA expression ( Figure 6B ) and gelatinolytic activity (Supplementary Figures 7A and 7B ) in both brain hemispheres as compared with control Vehicle. Similarly, Evasin-3 treatment did not affect the cerebral mRNA expression level of different neutrophil granule products (such as Neutrophil Elastase, MMP-8, and myeloperoxidase) (Supplementary Figures 8A to 8C) . Given the potential association between neutrophilic inflammation and the release of potential mediators of ischemic injury (such as some ROS and inflammatory molecules) during reperfusion within brain and heart, 20, 24 we also investigated the expression of these mediators during the postischemic period. In particular, the expression of the neuroprotective mediator dibromotyrosine was also assessed. 21 Evasin-3 treatment reduced dibromotyrosine-positive immunostaining (Supplementary Figures 9A and 9B ), but not 4-HNEpositive areas (Supplementary Figures 9C and 9D) within the infarcted hemisphere as compared with Vehicle. Similarly to what was observed in infarcted hearts, 20 neutrophil cerebral infiltration positively correlated with dibromotyrosine-positive areas (r ¼ 0.8182, P ¼ 0.003), but not with 4-HNE levels (r ¼ À 0.4912, P ¼ 0.053). Moreover, Evasin-3 treatment did not induce any significant effect on the mRNA expression of TNF (Supplementary Figure 10A ) and IL-6 (Supplementary Figure 10B) within the infarcted brain when compared with control Vehicle.
DISCUSSION
Evasin-3 Treatment in Carotid Atherosclerosis
The major finding of the present article is the remarkable efficacy of the selective inhibition of CXCL1 and CXCL2 with Evasin-3 as a potential prevention treatment of ischemic stroke because of carotid atherosclerosis. After having confirmed that CXC chemokines were markedly upregulated in both systemic circulation and atherosclerotic plaques of ApoE À / À mice, 23 we showed that their selective pharmacological inhibition was associated with the improvement of histologic parameters of plaque vulnerability. Similar results were obtained in a mouse model of rheumatoid arthritis, 8 a chronic treatment approach with low-dose Evasin-3 (5 daily injections of 1 mg/mouse per week for total 3 weeks of treatment) abrogated neutrophil infiltration and activation within the peripheral inflamed tissues (both carotid and aortic root atherosclerotic plaques). Importantly, Evasin-3-mediated inhibition of neutrophil activation was supported by the reduction in the intraplaque content of the neutrophilic granule enzyme MMP-9. This effect was observed in both aortic root and carotid atherosclerotic plaques, previously shown as characterized by different degree profiles of vulnerability. 12 Since this neutrophilic protease has been described to induce a 'cannibal' digestion of protective collagen products within atherosclerotic plaques, 18 we also considered the potential effects of Evasin-3 treatment on intraplaque collagen. Despite a weak effect, we observed a significant increase in collagen deposition in aortic root plaques in Evasin-3-treated mice as compared with controls. Since final intraplaque collagen content results from the complex balance between its production and degradation, we cannot exclude that the selective but limited beneficial effect of Evasin-3 was probably influenced by a complementary activation/inhibition of other cell players within atherosclerotic plaques. In particular, CXC chemokine-mediated activation of smooth muscle cells and macrophages in the atherosclerotic microenvironment might counteract the potentially protective neutrophil inhibition, resulting in a modest final effect on the stabilization of atherosclerotic plaques. Intriguingly, Evasin-3 treatment was not associated with reduction in macrophage intraplaque infiltration. Since CXC chemokine-mediated macrophage recruitment within atherosclerotic plaques was previously described in mice, 23, 25 these data were partially surprisingly. However, given the redundancy of chemokine system, we cannot exclude that a chronic anti-chemokine treatment (i.e., Evasin-3) might induce a compensatory upregulation of other chemoattractants or chemokine receptors responsible for macrophage intraplaque recruitment. 26 Another limitation of the present study is represented by the assessment of mouse plaque vulnerability based on histologic surrogate biomarkers, instead of clinical cardiovascular outcomes (i.e., acute cerebral events). Since ApoE À / À mice have been shown to develop accelerated atherogenesis (also associated with microglial inflammation), [27] [28] [29] but not spontaneous ischemic events in the life time comparable to our shear stress-induced protocol (max 31 weeks of age), we were not able to assess carotid plaque vulnerability on the basis of a clinical thrombotic rupture. Therefore, despite highly speculative, the use of Evasin-3 in stroke prevention (targeting carotid atherogenesis) showed that the selective CXC chemokine inhibition potently abrogates atherosclerosis-related neutrophilic inflammation, potentially resulting in less inflamed and more stable plaques.
Evasin-3 Treatment in Ischemic Stroke
Given the partial successful results observed in stroke prevention, we also investigated the potential protective role of the selective CXC chemokine inhibition as a stroke treatment. In fact, poststroke cerebral infiltration of neutrophils has been previously described as a potential pathophysiological feature mediating ischemic brain injury. 30 In addition, neutrophil products (such as MMP-9) have been indicated as pivotal mediators of postischemic cerebral damage and hemorrhagic transformation. 31 Although the source of MMP-9 within the infarcted cerebral tissue remains a matter of debate, 31, 32 neutrophils have been clearly shown as probable candidates. 32 Since neutrophils have been shown to be differently activated in culture condition mimicking the systemic circulation and in adherence to an inflamed tissue, 33 we assessed MMP-9 levels in both serum and within the infarcted brain. Considering this common background on neutrophil infiltration within both vulnerable plaques and ischemic brain, we investigated Evasin-3 treatment to also abrogate neutrophil recruitment and activation within the ischemic hemisphere. The treatment protocol and doses (single administration of 1 or 10 mg/mouse) were selected on the basis of recent successful results of Evasin-3 in a mouse model of acute myocardial infarction. 9 We also investigated if CXCL1 and CXCL2 were upregulated in both systemic circulation and ischemic brain by acute ischemic stroke in our mouse model of transient focal cerebral ischemia. 10 Our results showed that both CXC chemokines were significantly increased already 8 hours after ischemia onset. However, both serum CXCL1 and CXCL2 levels were not significantly modified by the ischemic cerebral event in the first 24 hours. These results indicated that a 'true' chemoattractant gradient toward the ischemic brain might be established during reperfusion, thus, favoring neutrophil transmigration and infiltration. The results confirmed this hypothesis, showing that Evasin-3 treatment (neutralizing CXC chemokine bioactivity instead of tissue and serum levels) significantly reduced the cerebral infiltration of neutrophils at both 12 and 24 hours after the ischemia onset as compared with control Vehicle. At 24 hours of reperfusion, neutrophil infiltration was positively associated with the production of certain ROS (dibromotyrosinepositive area) in the infarcted hemispheres. Although we did not provide direct evidence on Evasin-3 accumulation within the infarcted brain, the reduction in cerebral neutrophil infiltration during reperfusion (associated with Evasin-3) might represent a proof of the pharmacologic efficacy of this drug, which neutralizes CXC chemokine gradient from the blood stream toward the infarcted brain. However, Evasin-3 treatment was not associated with further beneficial effects on the systemic and cerebral expression of other neutrophil products (i.e., MMP-9) and inflammatory mediators of brain injury (i.e., TNF and IL-6) 24 nor with clinical and histological improvements in stroke size, brain edema, and BBB dysfunction. These data suggest that, despite statistically significant, the reduction in neutrophil infiltration was not 'clinically relevant' for improving poststroke outcomes. Differently from acute myocardial infarction, 9, 20 these data also raised some questions on the real pathophysiological importance of the neutrophilic inflammation in poststroke neuroprotection. In fact, potent neutrophilic mediators might be differently activated by heart or brain ischemia, suggesting that the reduction in the number of infiltrated neutrophils might not be necessarily related to the degree of their activation. In addition, neutrophils might also indirectly increase (via ROS release) 20 the production of some neuroprotective mediators, such as dibrotyrosine. 21 This endogenous halogenated derivative the aromatic amino acid L-Phenylalanine has been recently shown to protect neurons from ischemic brain injury in rats. 21 Thus, beside that fact Evasin-3 treatment did not improve the cerebral levels of specific inflammatory mediators of cerebral injury (such as proteases, TNF, IL-6, and other oxidants), 24, 34 the selective reduction in neutrophilic ROS in the presence of Evasin-3 treatment might even be deleterious for the ischemic brain. 20, 33 Our results are in partial contrast with previous studies indicating that the abrogation of poststroke neutrophil cerebral infiltration might be a promising therapeutic target to reduce brain injury during reperfusion. 21, 35 However, although the majority of the article focused on neutrophil infiltration, less is known on the selective release and expression of neutrophilic products that might increase the cerebral ischemic injury. 36 Finally, no evidence on a direct protective role of CXC chemokine inhibition on neurons or microglial cells has been clearly shown in the animal models of ischemic stroke. 37 Our results showed that, although Evasin-3-mediated neutralization of CXC chemokine bioactivity result in a reduction in neutrophil infiltration after stroke, the potential beneficial effect was weak. We believe that neutrophils might induce both protective and deleterious effects in the infarcted brain.
Conclusions
Our data suggest that treatment with Evasin-3 (that neutralizes in vivo and in vitro bioactivity of CXCL1 and CXCL2) selectively reduced neutrophilic inflammation and potentially related plaque vulnerability in mice. CXC chemokines inhibition should be also considered to abrogate the intraplaque neutrophilic release of MMP-9. This therapeutic approach might represent a promising prevention strategy against ischemic stroke caused by carotid atherosclerotic stenosis. Despite this relevant role in atherogenesis, Evasin-3 treatment has a marginal role in stroke treatment. In fact, no poststroke clinical outcomes were improved by CXC chemokine inhibition as compared with controls. Evasin-3 treatment was selectively associated with reduction in poststroke neutrophil infiltration. This potential histologic improvement was accompanied by the absence of reduction in neutrophilic mediators of cerebral injury and the concomitant inhibition of the neuroprotective dibromotyrosine. Given these weak modifications associated with Evasin-3 treatment during poststroke early phases, the selective inhibition of CXC chemokine pathway might be of particular importance to prevent carotid plaque rupture, but not ischemic brain injury.
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